In this study, atomic layer deposition (ALD) has been applied to deposit aluminum doped zinc oxide (AZO) films as gas barriers, successfully. Diethylzinc and trimethylaluminum were used as precursors and water as oxidant. Sequential deposition steps of 400 ALD cycles have been adopted to prepare AZO films. Influences of deposition temperatures on electro-optical properties have studied by using Hall-effect measurement and transmittance spectrometer. AZO film deposited at 130 o C has a low resistivity of 5×10 -3 -cm. Water vapor transmittance rate has been carried out by using Mocon Permatran-W 3/61. The WVTR performances of ALD barriers, which highly related to the physical conditions of interfaces between nanolaminated structures, have been measured as 0.001 -2 g/m 2 *25 o C*day.
Introduction
In this decade, transparent conductive oxides (TCO) of AZO films have been focused researched, developed, and applied in opto-electrical industries, broadly. For TCO materials, indium doped tin oxide (ITO) is commonly used in LCD panel, electrical paper, and Leeds [1] . However, the shortage of indium results in ITO film as a high cost material. According to the desires of developing less expensive and high performance TCO materials for industrial manufacturers, zinc oxide has been noticed that having excellent electrical properties, stable chemical performances, and thermal stability.
To improve the opto-electrical properties of ZnO films, researchers have tried to dope elements into different matrix to create different TCO materials, and the dopants of aluminum, gallium and titanium were used to prepare AZO, GZO, and TZO, successfully [2, 3, 4] . Coating on flexible substrates has been discussed in these years. ALD technique has been known as one of low temperature processes and is compatible to apply for flexible electronics manufacturing [5, 6] . At the meanwhile, ALD films prepared on flexible substrates show high density and better interfacial properties.
Criteria of thin film encapsulation have become much more critical in these years. And the effects of defects, such as pin-holes, micro cracks and diffusing path, have been studied and realized as key issues causing deteriorated encapsulating performances [7, 8] . To improve the film quality, advanced deposition technologies would be needed to modify the conditions of films. Atomic layer deposition technique has been highly noticed, because of the superiorities of layer by layer growth mechanism, low depositing temperature, low structural defects, and compatible to modify diffusion path [9, 10] . ALD nanolaminate technique has been known as a precise method controlling film composition, large area comformality and opto-electrical properties of films [11] [12] [13] . In this study, high performance ALD AZO nanolaminates have been prepared on PET polymer substrates (125 μm) without using energy sources and post annealing treatment, and deposition temperature of 130 o C has been adopted. AZO doping ratio ranged from 0-5 % has been achieved by adjusting the cycle number ratio of alumina and zinc oxide layers. Opto-electical properties of ALD AZO films have been characterized by using Halleffect measurement, opto-spectrometer, and X-ray diffraction (XRD). Microstructure investigations have been carried out by using scanning electron microscopy (SEM), atomic force microscopy (AFM) and transmit electron microscope (TEM). Water vapor transmitting rate of ALD encapsulation layers has been measured by using Mocon Permatron-W 3/61.
Experimental

ALD AZO Thin Films Preparation
In this study, diethylzinc (DEZ) and trimethylaluminium (TMA) have been used as metal precursors, and water as oxidant in the ALD process. A 5 sec nitrogen purge has been introduced between 0.2 sec pulses of metal precursor and oxidant to prevent CVD reaction in vapor phase. Working pressure of 14 torr has been adopted during ALD processing. To prepare ZnO layers, DEZ and water have been pulsed into chamber, sequently, and the reaction equations are as follow:
The depositing steps of Al 2 O 3 layers by pulsing precursors into chamber sequently and given by:
Fig . 1 illustrates the structure of ALD AZO nanolaminates deposited on adopted PET substrates (125 μm). 400 ALD cycles have been used and the total film thickness about 80 nm has been carried out. Doping amount of aluminum was controlled in the range from 0-5 % by modifying the ALD cycle number ratio of Al 2 O 3 and ZnO layers. Deposition temperature of 130 o C, under glass transition temperature, has been applied to maintain the opto-electrical properties. Fig. 1 Illustrates the nanolaminates prepared by using repeating deposition steps.
Measurements and Analysis
Transmittance in visible light range was carried out by using an optospectrometer (Perkin Elmer Lambda 900). Electrical properties of AZO films were determined by using a Hall-effect measurement instrument (Accent HL5500) under the Van Der Pauw mode. Crystallinity of AZO films was characterized by using X-ray diffractometer (Siemens D5000) with Cu K radiation (1.5418 Å). Surface roughness and morphology were investigated by an AFM (Veeco Dimension 3100) and SEM (Hitachi S-4300), respectively. Inter-diffusion behaviour and microstructures between layers were investigated by using TEM (JEOL-3010F). Physical properties of interfaces between Al 2 O 3 and ZnO layers, such as roughness, density and thickness, have been characterized by using XRR analysis (PANalytical X'Pert Pro). Effects of doping ratio of films on WVTR performance have been measured by applying Mocon Permatron-W 3/61. To perform WVTR measurement, Ca sensing films with thickness of 2 μm have been evaporated on ALD AZO films coated PET substrates. Accelerated WVTR testing has been characterized with 100 % of humidity at 25 o C. -cm. Higher deposition temperature would lead to a higher activate energy and more Al 3+ dopant would be activated to occupy lattice sites of zinc oxide and improved resistivity of films. Fig. 3 indicates the opto-spectra, and band edges of spectra indicate the blue-shifting phenomena which explain that AZO films deposited at higher temperature would have higher carrier concentration and cause lower resistivity. Fig. 4 shows XRD patterns of films prepared at different temperatures and the crystallizing orientation would be (100) and (101), and the crystallinity improves according to higher processing temperature. Compared to the results of former researches [14] , AZO films deposited on PET substrates would have different diffraction orientations from the crystallization of AZO films prepared on silicon substrates, and further discussion would be done on other publications. 
Results and Discussion
Opto-electrical and Structural Properties
WVTR measurement
WVTR performance for AZO films with different layered structures has been measured. In Fig. 5 , the results of WVTR measurement have been characterized and imply that the higher layer ratio of ALD Al 2 O 3 comprised in films the better WVTR performance would be. The former research informs us that the higher amount of Al 2 O 3 layers comprised in films the better surface roughness the films with smaller grain sizes would be achieved [14] , and the possibility of forming pin-hole for diffusing path could be lower because of the length of grain boundary would be shorter. Fig. 5 shows results of WVTR for each compositing ratio of films, and ALD AZO films with layer ratio of 5 % demonstrate WVTR value of 1 x 10 -3 g/m 2 *25 o C*day. 
Structure Investigations
Fig . 6 shows the AFM results that AZO films deposited at different temperatures would have varied grain sizes, and ALD prepared AZO films on PET substrates have smaller grain size because of the ALD process could be performed at temperature lower than 130 o C. Fig. 7 implies low surface roughness ranged from 0.9 -3.3 nm would be achieved, and average transmittance of films would be improved according to reduced surface scattering phenomenon. Fig. 8 shows SEM images, and the results indicate the pin-hole free structures of films lead to lower scattering of carriers while transiting in films. At the meanwhile, layer by layer growth mechanism of ALD process leads to large area conformity of films, and pin-holes in films, which contributed as gas diffusing path, could be avoid. XRR analysis would be a powerful tool which shows the physical conditions of interfaces between nanolaminates. Table 1 indicates XRR results that there would be an interface, which has a higher film density ranged from 4-7 g/cm 3 , formed between Al 2 O 3 layer and ZnO layer. Due to the ultra-thin thickness and poor crystallinity of interfacial layers, the XRD results have not indicated the existence of interfaces in the films. The characterized density values which hinted that the composition of the unique layers could be spinel phase of ZnAl 2 O 4 . To investigate the inter-diffusion behavior which leads to interfaces, ALD AZO films have been prepared on Si substrate as specimens for TEM analysis which demonstrated as Fig. 9 and Fig. 10 . As shown in Fig. 9 , AZO films deposited at 50 o C have layered structure, and lower deposition temperature would lead to lower activate energy for Al 3+ and Zn 2+ ions to diffuse to doping sites contributed as dopants. And from the TEM image of Fig. 9 , the crystalline would be rarely investigated. Fig. 10 indicates TEM results of AZO film prepared at 250 o C, and investigated crystallines imply that higher deposition temperature would lead to strong interdiffusing behavior which benefits to form crystallized grains between layers. At the meanwhile, spinel interfaces, characterized from XRR analysis results, could be observed in Fig. 10 , significantly. 
Conclusions
In this study, effects of deposition temperatures on ALD AZO films on PET substrates have been evaluated. Excellent resistivity of 5 ×10 -3 ohm-cm has been achieved by preparing AZO films at 130 o C. WVTR testing revealed barrier ability of 0.001 g/m 2 *25 o C*day, and relations between WVTR property and high density interfaces have been carried out by using XRR and HR-TEM analysis. From XRR results, density of interfaces has been characterized as 4-7 g/cm 3 , which closed to spinel phase of Al 2 Zn 4 O x , would be benefit to improve the barrier performance. HR-TEM images of different temperatures prepared films demonstrate varied inter-diffusion behavior. Low activate energy of films prepared at 50 o C shows weak inter-diffusing which leads to layered structure without crystallized nano-grain. By contrast, high activate energy of films deposited at 250 o C causes crystalline and amorphous interfaces in nanolaminates. At the meanwhile, the high density interfaces show crystallization which enlargers the gas diffusing path. The crystallization behavior and crystallizing directions would be discussed in further publication.
